Cross-section measurements of krypton 78 to 86 isotopes in the spallation of palladium and silver. A new semi-empirical spallation formula in the Y to Ag target mass region
Spallation is ubiquitous in nature. Solar and galactic cosmic rays interact continuously with interstellar medium, planetary atmospheres, and small bodies in the solar system. Knowledge of spallation reactions is of major interest for astrophysical and cosmochemical problems such as the propagation of cosmic rays in the galaxy and the record of cosmic rays in Solar System matter (see recent reviews by Cesarsky [1] and Reedy et al. [2] ). Excitation functions have been measured for only a few reactions and the missing cross sections may be calculated using either mathematical developments of the two-step model [3] or semi-empirical formulae [4, 5] . The latter approach is still the most realistic because it provides generally an experimental to calculated cross-section ratio which is better by a factor of two in well documented target and product mass ranges. In his pioneering work, Rudstam [4] found a five parameter general expression that fitted the data then available. The best agreement was obtained for iron and neighbouring targets. Later Silberberg and Tsao [5] designed a Rudstam-like formula with eleven adjustable parameters that gave, on average, good results in targets lighter than Cu and was well suited to simulate the propagation of cosmic rays in the Galaxy. The Silberberg and Tsao (or S-T) formula is applicable also in targets heavier than Cu. However, a natural limitation for semi-empirical fits is the number and the variety of experimental data in the target, incident energy and product region where an unknown cross-section has to be calculated. For example the above spallation formulae both underestimate the effect of the (A,lZt) ratio of the target, as illustrated in Chackett and Chackett [6] and Regnier [7] .
One of our interests concerns cosmogenic krypton produced by cosmic-ray-induced nuclear reactions near the surface of the Moon and in meteorites. We first examined nuclear reactions in Rb, Sr, Y and Zr, the main targets for producing krypton in the Moon and in stony meteorites [8] . 
Experimental
The techniques employed for the measurement of stable noble gas isotopes in our laboratory have already been described in [7] and [8] . Pure [4] gives the cross-section a for a reaction product (Z, A) in a target (Zt, At) according to the following five parameter expression :
We adopted the same expression for which we calculated new parameters K, P, R, S, T, using the least squares and differential corrections methods, well described in [4] [10] . Cross In the Rudstam formula, S is also constant (0.486) whereas, in the formulae of reference [5] and reference [6] , S was found to depend on At/Zt. 4 .3 THE PARAMETER T. -T was found to depend strongly on the target N/Z ratio. The best evidence for this is obtained from the data of Porile and Church [13] in 96Zr, 96MO, 96Ru and Belyaev et al. [9] in 90,91,94Zr. Figure 2 shows (7) and (8) . The dashed line is given by the Rudstam formula.
4.6 THE PARAMETER K. - We considered K to be a normalizing parameter and looked for a simpler form of equation (23) [22] , Mo [23] and Ag [24] . We also included all measured cross sections in multiple-isotope-targets Zr 24 of these 51 are less than 0.1 mb cross-sections. In fact almost all cross-sections less than 0.1 mb are overestimated by our formula, which is not generally the case in the work of Rudstam [4] or Silberberg and Tsao [5] . We attribute this fact to the low weight of small cross-sections in our compilation. No systematic trend could be found among the other miscalculated cross-sections. Most cross-section measurements from reference [16] in Y at 150 MeV give bad ratios.
Looking now at all the results, there is no systematic trend favoring neutron-rich or neutron-poor products.
Also, from the data set available, there is no AA effect, at least if AA a 5. However there exists an energy effect in the GeV region : the formula does not account for a maximum followed by a decrease of excitation functions around 1 GeV. Consequently the average ratio is significantly higher at 24 GeV than at 1 or 2.5 GeV.
From the work of Belyaev et al. [9] , many independent cross-sections for rubidium isotopes with A = 75-90 were measured in 3 different isotopic targets of zirconium (A = 90, 91 and 94) bombarded with 1 GeV protons. These data are plotted on figure 5 together with our calculations (solid lines) and those of reference [4] (broken lines) and reference [5] [25] . 
